Tracked forwarders is one of the solutions for the forest soils with poor bearing capacity providing ability to use well-known technology for reasonable cost to improve accessibility of forest resources. Tracked forwarders are not common in forest nowadays and only a few models are produced serially. The ProSilva F2/2 is a new middle-class forwarder, whose frontal tracks are replaced with big tires, ensuring large contact surface, increased mobility of the machine and significantly reduced mass without loosing the load capacity (15 tonnes). The aim of the study was to evaluate productivity, soil impact and cost of the roundwood forwarding using the ProSilva F2/2. The study was conducted in Finland. Productivity (time per crane cycle, split into operations and loads), load size, depth of ruts and soil compaction were estimated during the study. According to the study results, the average productivity is 16 m 3 per hour (driving distance to a landing site 200 m, driving speed 2.8 km h -1 , average load 9.7 m 3 ). The productivity can be significantly increased by more efficient utilization of the load capacity and by using gripper with the tilt function. The length of ruts on peat soil (56 m ha -1 ) do not exceed the permitted threshold values in Latvia. The compaction of soil took place mainly in topsoil, no changes in soil density were observed in deeper soil layers. The prime cost of forwarding according to the preliminary estimates is 2.5 € m -3 if the annual production is at least 62000 m
Introduction
According to the National Forest Inventory (NFI) data, the forest area in Latvia is 3.2 mill. ha, including 0.4 mill. ha of forests on drained organic soils and 0.3 mill. ha of forests on wet organic soils. Extreme forwarding conditions according to the national classification system can be an issue in 10 % of the stands and bad forwarding conditions -in 33% of the stands. Reduction of the mature forest area on dry and drained mineral soils will worsen the forwarding conditions in future and will raise a question about significant changes in harvesting methods and selection of appropriate machinery in forestry to access the forest resources in areas with extreme forwarding conditions.
According to the Joint Stock Company 'Latvia's state forests' (JSC) data, bad and extreme forwarding conditions (estimated as a share of extracted roundwood) reached 28% in 2016 and it had increased by 2% in comparison to 2015. Communication with the experts from JSC confirms that the share of the bad and extreme forwarding conditions will increase in future.
According to the NFI data about all felling sites where more than 10 m 3 ha -1 have been extracted during the last 5 years, extreme conditions can be an issue in 4% of stands and bad conditions -in 35% of stands. These numbers do not include potentially bad or extreme forwarding conditions between a stand and roadside. Similar results (4% of extreme conditions and 38% of bad conditions) were obtained if the clear-felling sites were evaluated separately. This result proves that the situation in private forests is considerably worse, especially in the share of bad forwarding conditions, than in state forests.
If extrapolated to the total forest area, the extreme forwarding conditions can be an issue in 10% of stands and bad forwarding conditions -in 33% of the forest stands. It means that in future forwarding conditions will worsen.
Damage to roots and stems, which is the primary result of bad or extreme forwarding conditions, can lead to fungal infection which can cause wood discoloration or even decay. The water regime and nutrition conditions in the forest soil can change as a result of soil settling (Ring et al., 2015) . The operation of forest machines is therefore avoided during the period of high soil compaction or rut formation risk, and the harvesting is usually postponed to the winter when soil is normally frozen in extreme conditions. It is estimated that the seasonal variation in timber procurement can cause considerable losses; in Finland alone these losses are approximately 100 M € annually (Pennanen & Mäkelä, 2003) . Forest operations in poor bearing conditions increase time and fuel consumption and decrease the efficiency of harvesting operations (Sirén et al., 2013) .
Furthermore, deep ruts affect the general acceptability of the forest operations. The costs caused by extreme forwarding conditions could be decreased by additional information on soil conditions, especially soil bearing capacity. The load bearing capacity of soil is often described by its penetration resistance. Accordingly, forest operations could be planned to be performed during adequate bearing capacity or routed to avoid sections of poor The most popular forwarder model produced by ProSilva company up to now has been the fully tracked 15-4ST, which has been produced for more than 10 years. The 15-4ST forwarder is one of the largest and, at the same time, one of the most gentle forest machines, which can be used both for final felling and thinning on soils with low bearing capacity. In Latvia ProSilva 15-4 ST forwarder has been used both for thinning and final felling. It mostly transports wood from harvesting areas with long delivery roads, impassable for wheeled tractors, therefore forwarding costs of ProSilva are relatively high. The main advantages of ProSilva 15-4ST are stability on soils with low bearing capacity, which exceeds indicators of a standard wheeled forwarder several times, as well as the high load capacity (15 tonnes), which allows to reduce cumulative pressure on soil due to the reduction of number of passes in the same area and better distributed weight .
Studies on productivity and costs of ProSilva 15-4 ST were conducted in 2014, where this tractor was compared with the mid-sized forwarder John Deere 810, equipped with chains on all axles or rear axles. In this study, the average time consumption for loading was 60 minutes, for unloading -29 minutes, driving time -17 minutes (the forwarding distance was 850 m), the average load -8 tonnes (9.6 m 3 ). Evaluation of the prime cost of forwarding proved that ProSilva forwarder is an economically viable option in areas with extreme forwarding conditions, and it is crucial that the main strip-road is not damaged by wheeled forwarders before it is used by the ProSilva (Kalēja, Lazdins, & Zimelis, 2014b). The main drawback of ProSilva forwarder identified in the study was higher purchase costs. The main work method related issue was forwarding of assortments one by one, accordingly, the operators transported 1 or 2 assortments at once, thus considerably increasing the driving time and as a consequence -the impact on soil. Mixing of assortments in load is key to increasing productivity and reducing impact on soil using high capacity forwarders for thinning (Kalēja, Lazdins, & Zimelis, 2014a) .
In 2015, repeated trials with ProSilva 15-4 ST forwarder were conducted in a collaboration with 'Serviss Betta' Ltd. The aim of the trials was to investigate the actual fuel consumption of the forwarder and load size. Studies revealed that fuel consumption of the forwarder ProSilva 15-4 ST does not exceed that of wheeled tractors with analogue load capacity (14 L per hour on average). Under extreme conditions, when the wheeled tractor created ruts after a few drives, the tracked one could extract 5 times more timber before rut formation. It was highlighted in this study that ProSilva 15 4ST with a standard frame is unable to load 2 rows of 3 m long logs. Thus, if the dominant length of logs is 3 m, the forwarder's capacity is always used insufficiently (Lazdiņš & Zimelis, 2015) .
In 2015 ProSilva company developed a modified forwarder prototype, the front chains of which were replaced with a pair of big tyres (width 75 cm, height 150 cm). The purpose of chain replacement was to decrease machine weight, as well as to improve its manoeuvrability and efficiency in long driving distances. Increased pressure on soil due to replacement tracks is compensated by large tyre surface and hydraulic balancing system, which allows to equalize pressure on front and rear axles as well as pressure on both sides of the machine. In order to increase track usage time, thickness of tracks is increased. Applications of the new forwarder model have not been studied so far; whereas productivity and influence on soil of the tracked model was assessed in several studies in Finland and Latvia, positioning this forwarder as currently the most advanced solution for the forwarding on organic soils. The scope of the study is to evaluate if the productivity, impact on soil and cost of the roundwood forwarding using the semi-tracked ProSilva F2/2 forwarder are sufficient for commercial application in Latvia in extreme forwarding conditions.
Materials and Methods
The study was conducted in 3 forest stands in Finland (LKS92 coordinates of the stand centroids 582477.135,926606.244; 582634.384,926143.535 and 582093.954,926369.467). The total area of experimental sites was 5.4 ha, the average tree height -13.3-14.0 m, growing stock -108-129, dominant tree species -spruce and birch. The tracked ProSilva forwarder model F2/2 with large wheels on the front axle was tested in the study. Detailed specifications of the machine are not yet available. Indicative specifications are provided in Table 1 . In comparison to a fully tracked model, this forwarder is lighter, faster and more manoeuvring.
Detailed time studies split the work time into 15 operations (Table 2) . Load size was determined according to the operator's estimate. Additional information obtained was reason for breaks, applied service works etc. Time study did not include preparation for work, which took about 1 hour. Duration of shifts was 8 hours. Harvesting was done with the tracked ProSilva S6 harvester. The number of produced assortments per stand -2-3, mainly pulp wood, biofuel and small logs. Length of logs -3-5 m. Harvesting residues were left dispersed in the stand except wet areas where they were put into strip roads. Time studies were done for 2 operators who both had experience in thinning, but limited experience with tracked machines carefully using load capacity of the machine. Experienced operators would work with larger loads.
Weather conditions during the study were good, the average temperature -20-25 °C. Short rain falls (12 mm in total) were observed from 28 to 30 of June; heavy rain falls took place 2 weeks before the study (49 mm during 3 days).
The study was implemented in 2 sites with heavy forwarding conditions according to the contractor's decision: a stony site, where the rain did not affect forwarding, and peat soil (depth of peat more than 1 m), where topsoil after raining was wet and bearing capacity considerably reduced. The relative soil moisture (0 -10 cm layer) in peatland was 47% during the studies.
Prime cost estimates are based on earlier studies 
Results and Discussion
The total amount extracted in the study was 145 m 3 . The average load was 9.1 m 3 , significantly bigger loads (9.7 m 3 ) in peatland. The productive time per load in peatland was 36 minutes and in the stony site it was twice more (75 minutes). The average driving speed was 2.8 km h -1 . The average productivity in peatland was 2.9 min. m -3 . Due to the relatively high proportion of time spent to pick and move assortments into load (46% of the total loading time in comparison to 32% using tractor equipped with the tilt function, , it was concluded that considerable increase of productivity can be reached by using tilt function in the crane so that logs can be moved in vertical position. Smaller dimension of logs in the stony site considerably decreased the productivity of loading. The main productivity figures are provided in Table 3 .
Assuming that forwarder is taking only full loads (12 m 3 according to the conditions in experimental sites), productivity in peatland would increase by 4% and in stony site -by 12%. In real conditions the increase of productivity could be higher with full loads because of reduced time consumption for driving. Load capacity of the machine is about 15 m 3 . In Latvia the most of assortments produced in thinning are pulpwood (3 m), firewood (2 to 3 m) and small logs (up to 4.2 m). Considering the structure of assortments, it is reasonable to increase the tractor frame length to 5 m to be able to load 2 parcels of short (up to 3 m) assortments.
The number of mechanically damaged remaining trees is considerably high (4.9% on average in both sites) and corresponds to the average data obtained in Latvia in early thinning . The number of stem damages can be reduced by using the tilt function during forwarding, by more careful harvesting and by putting slash into striproads in the turning areas. Length of ruts in peatland in extreme forwarding conditions is 56 m ha -1 , in stony site -twice less. , and the length of ruts did not exceed the limiting threshold values. The trials in Latvia were done in dry conditions, however it was considered that the conditions are not suitable for wheeled forwarder. In the study implemented in Finland, the soil penetration resistance on strip-roads on a peatland after forwarding of 4 to 5 loads was 0.26 MPa and did not increase significantly in deeper soil layers. It means that the soil penetration resistance in the study site on peatland is considerably smaller than in earlier studies in Latvia and the results are not actually comparable. But the relatively small amount of ruts still demonstrates that the ProSilva F2/2 is very efficient on peat soils. A significant impact on soil penetration resistance due to compaction was found in the stony area, however the compaction was found only in the upper 20 cm layer in contrast to the studies with wheeled forwarders, demonstrating considerable compaction in deeper soil layers -down to 80 cm (Prindulis, Kalēja, & Lazdiņš, 2016). It should be noted that measurement conditions were not favourable in the study in Finland (a lot of stones in soil), therefore the accuracy of measurement results in deeper soil layers may be affected by limited measurement data, and for accurate comparison the measurements should be repeated on stone free sites.
The new model of semi-tracked ProSilva forwarder is not yet in conventional use, therefore operational costs can only be assumed according to the results obtained with a fully tracked model, which are verified by operational costs of a tracked excavator in Latvia. Real operational costs will be available when the machines start to work in production. One of the most important cost positions is tracks, which can heavily affect the average hourly cost. The sensitivity analysis of forwarding costs includes forwarding distance, load size, fuel consumption, fuel price, forwarding distance and number of productive hours per year. Forwarding distance has a considerable impact on the costs -if the forwarding distance increases to 1200 m, forwarding cost increases to 5.42 € m -3 (2.2 times). An increase of forwarding distance would have an even bigger impact in bad forwarding conditions when the forwarder should prepare the road and drive slowly. The situation when a tracked forwarder is used on a road with deep ruts left by a wheeled forwarder would have an even more harmful effect on forwarding cost. Size of load also has a significant impact on forwarding cost, especially when the forwarding distance is increasing. If the average load size increased to 11 m 3 , forwarding cost would decrease to 2.27 € m -3 ; if the load size decreased to 5 m 3 , forwarding cost would increase to 4.54 € m -3 (by 45% in comparison to average results in the study). Fuel consumption and fuel price (considering the range of fuel prices during last 2 years) have a relatively small impact on the forwarding cost. The most significant impact on it has the number of productive hours per year. If the number of productive time decreases below 1300 hours, forwarding cost increases by 2.5 (Figure 1 ). In practice, the increase of forwarding cost due to the reduction of productive time might not be so steep, because the calculation assumes that operators keep a constant salary regardless of the worked hours. However, if the reason for reduction of productive time is service, forwarding cost can increase even steeper.
There is limited experience with the ProSilva F2/2 forwarder to compare forwarding cost with the conventional wheeled machines, especially because the wearing of tracks, as well as schedule and costs of other service operations, are not yet known. The study proves that the machine can be used in extreme forwarding conditions where conventional wheeled machines cannot work at all, and productivity figures are as good as for a conventional wheeled machine in normal forwarding conditions. This means that the machine can be competitive if the operational costs are not too high and the machine is utilized to full extent. The optimal utilization rate is 4000 hours (or at least 2000) hours annually.
The estimates of prime costs of forwarding, obtained in the study, should be considered as preliminary information due to the fact that operational costs and durability of the machine were not evaluated in real life conditions during the study period. Therefore, the economic assessment, including prime costs, should be evaluated in separate studies, when more production data are available. The most critical issues are the wearing of tracks, average load size and time spent on maintenance and repairs.
Conclusions

The length of ruts even in extreme conditions
normally harvested only when the soil is frozen do not exceed the threshold values for thinning in Latvia. In many cases, the reason for the formation of ruts was an inappropriate operation of the tracked harvester, which often drove off the strip road, thus damaging soil and stems of the remaining trees in the turning places, and putting slash into small piles in the centre of strip-road instead of putting them below tracks. 2. The annual productive time has the most significant impact on the forwarding cost, therefore planning of utilization of the machine is very important. The optimal number of working hours annually is 4000, minimum is about 2000 hours. Alternative uses, for example, ash spreading on peat soils, should be considered in order to increase the machine utilization rate. 3. According to the study results, the ProSilva F2/2 forwarder is suitable for extraction of biofuel and roundwood in extreme forwarding conditions on a peat soil, where wheeled forwarders cannot be used even with auxiliary tracks on all axles. To increase the load capacity, forwarder with a prolonged frame (5 m) should be used in Latvia instead of one with a standard frame.
